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Notes on (0,2) Superconformal Field Theories* 

Jacques Distler 


Theory Group 

University of Texas at Austin 
Austin, TX 78712-1081 USA 


In these lecture notes, I review the “linear cr-model” approach to (0,2) 
string vacua. My aim is to provide the reader with a toolkit for studying 
a very broad class of (0,2) superconformal field theories with the requisite 
properties to be candidate string vacua. 


1. Invitation an voyage 

The case for considering string compactifications with spacetime supersymmetry is 
often made in four dimensional terms, say, that this provides a solution to the hierarchy 
problem. But the real justification is that these are the only known perturbative solutions 
to the fermionic string with four flat noncompact directions. So if perturbative string 
theory can tell us anything, these are the starting points about which to do our perturbation 
theory. Now, it is clear that not all of the physics is captured by perturbation theory. 
However, some of it is (and we even have reason [jl| to believe that many of the crucial 
features are) captured by perturbation theory. Besides, you have to walk before you can 
run .... 

Spacetime supersymmetry is equivalent to (0,2) superconformal symmetry on the 
worldsheet with an integrality condition on the right-moving U{1) charges (see PJ^,^). 
So if we want to study perturbative solutions to string theory, we should be studying 
(0,2) SCFTs. Surprisingly little is known about the subject, given its evident importance. 
Almost all of the results we have to date are for the very special case of left-right symmetric 
(2, 2) superconformal field theories, or very simple orbifolds thereof. This is clearly a very 
special case of a (0,2) SOFT, where we simply ignore the left-moving superconformal 
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symmetry. For a long time, more general (0,2) SCFTs were considered simply too hard 
to study. I hope in these lectures to convince you that they are not too hard, and that, 
because there are so many open questions, this is fertile area to work on. 

Mainly in these lectures, I will concentrate on giving you a “toolkit” for building and 
studying (0,2) models of the requisite sort. More details can be found in the references, as 
can some results that one can learn both about the general features of (0,2) theories and 
the specihcs of particular models. Much of the work that I describe in these notes was 
done jointly with S. Kachru. 

2. Generalities 

As I said, = 1 Spacetime supersymmetry is equivalent to (0,2) supercon- 

formal symmetry on the worldsheet, provided a certain integrality condition on the U{1) 
charges holds. The origin of this condition is that it is required so that we may dehne a 
chiral GSO projection. You might think, therefore, that what we will look for is a theory 
whose symmetry algebra is {vir)^ x [N = 2 svir)^. In fact, we will require a somewhat 
larger symmetry. Namely, we will require as well that there exist a left-moving U (1) current 
algebra of level r, that is, 

J{z)J{w) = -— 

[z — wy 

and the symmetry algebra will be {U{1) Kvir )l x [N = 2 svir)ji, with (c, c) = (6 -|- r, 9). 

To turn this into a string theory, we add four free bosons and their (0,1) super¬ 
partners, four free Majorana-Weyl fermions We also add A'^, / = 1,... 16 — 2r, free 
left-moving Majorana-Weyl fermions which yield a linearly-realized 5'0(16 —2r) subgroup 
of the spacetime gauge group, and we add a left-moving current algebra. 

The left-moving 17(1) current algebra plays a dual role in the theory. First, it provides 
another linearly-realized piece of the spacetime gauge group (which, at this stage, appears 
to be 5'0(16 — 2r) x 17(1) x i?8 )■ Second, it provides a candidate for a chiral GSO projection 
for the left-movers: 

g = (2.1) 

where F^i is the fermion number for the left-moving free fermions. 

In keeping with its role in forming the GSO projection, the left-moving 17(1) also 
provides the left-moving spectral flow generator (ground state of the left-moving Ramond 
sectorS) which promotes the spacetime gauge group to Eq, S'O(IO), or SU (5), for r = 3, 4, 5. 

^ In the Ramond sector, Jo is replaced by Jo -f r’/2 in the formula for the GSO projection. 
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We are all familiar |p with how the representations of 5'O(10) x U{1) assemble them¬ 
selves into representations of Eq in (2,2) compactihcations (r = 3). The situation for 
r = 4, 5 may be more unfamiliar, so I have summarized it in the following tables. 


Rep. of 5'O(10) 

Rep. of ^0(8) X 17(1) 

Cohomology Group 

45 

Si's © (28o © lo) © 8^2 

H*(M, O) 

16 

8ii © 8^ 

H*(M, 17) 

10 

1_2 © 8q © I2 

H*(M, /\^V) 

1 

lo 

H*(M, End V) 

Rep. of SU (5) 

Rep. of ^0(6) X 17(1) 

Cohomology Group 

24 

4-5/2 © (15o © lo) © 45/2 

H*(M, O) 

10 

4-3/2 © 61 

H*(M, V) 

5 

4-1/2 © I2 

H*(M, /\^V) 

1 

lo 

H*(M, End V) 


Table 1: Representations of the linearly realized part of the gauge group and 
how they assemble themselves. 


Note that the representations which appear alternate between spinor and tensor rep¬ 
resentations of 5'0(16 —2r), and the U{ 1 ) charge jumps by r/2 with each application of the 
spectral flow. One realization of this general setup is (2,2) superconformal held theory. In 
this case, r = 3, since the left-moving N = 2 superconformal algebra with c = 3r contains 
a U{1) subalgebra at level r. Clearly, though, this is a very special case. Phenomeno¬ 
logically, it may also be a relatively unattractive one, as r = 4, 5 seems to lead to more 
attractive phenomenology. 


3. Nonlinear a Models 

The (2,2) nonlinear sigma model can be written 

S = ^ [\g^j{dX^dX^ + dX^X^) - \hj{dX^dX^ - dX^X^) 
Ztt J 

+ i{ADr + KDX) + R^V(W)AfcAVrV’'' 


(3.1) 
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where X : E —M is the a-model map from the worldsheet into a Kahler manifold M, 
which for reasons that will become clear shortly, we will assnme has vanishing hrst Chern 
class, ci(T) = 0. The left- and right-moving fermions couple to the appropriate pullback 
connections, etc. 

The (0,2) generalization of this is to replace the action for the left-moving fermions 
by 

S=^J... + i{... + XaDX^) + F‘^i,^j{X)XaX^'il;,tl;^ (3.2) 

where now the A“ transform as sections of a holomorphic vector bundle V ^ M with 

ci(V) = 0, C2{V) = C2{T) (3.3) 

The data specifying the a-model now is: the Kahler metric, gij{X), a closed 2-form bij{X), 
and the holomorphic co nn ection on V, whose curvature is F°‘i)ij{X). 

For string theory, of course, we are interested in a conformally invariant a-model. 
Requiring conformal invariance imposes some conditions on the above data. For instance, 
demanding that the 1-loop /3-function of (|3.2|) vanish requires that Qij be Ricci-flat. How¬ 
ever, these conditions are corrected at higher orders in a-model perturbation theory, and 
we don’t have the slightest idea what the “all orders” equation necessary for conformal 
invariance is. 

In the face of this obstacle, there are two attitudes one can adopt. The hrst is to 
imagine that we can construct the exact conformally invariant theory order by order in 
perturbation theory, starting with a solution to the 1-loop /3-function equations. If the 
a-model is weakly coupled, we might expect that the exact conformally invariant theory 
is “close” to its 1-loop approximation. 

A more fruitful point of view is to accept that the a-model (|3.2|) (or, at least any 
a-model we can actually write down) is not conformally-invariant. However, it hows under 
the Renormalization Group to an infrared hxed point theory which is the desired confor¬ 
mally invariant theory. 

This second point of view is very useful. It suggest several helpful ways of looking 
at the a-model. First, the RG how is dissipative. The data gij, A°‘bi represent an 
inhnite number of coupling constants in the two dimensional quantum held theory. All 
but a hnite number of these are marginally irrelevant and how to zero in the infrared. 
Thus the hxed-point theory is characterized by a hnite number of parameters which are 
RG-invariant. 
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So what are the RG-invariant parameters characterizing (^)? They are 

a) the complex structure of M 

b) the holomorphic structure of the vector bundle V 

c) the cohomology class of the complex Kahler form J' = B -\- iJ, where 


J = i QijdX^ A dX\ B = hjdX^ A dX^ 


The hrst two are automatic in this formalism. They are assured by the existence of a 
chiral U{1)l x symmetry under which 

Note that the conditions ci(T) = ci{V) = 0 are precisely what is needed to ensure that 
this chiral U{1)l x U{l)fi is nonanomalous. In the conformal limit, the corresponding 
conserved U{1) currents become the generators of the left-moving 17(1) current algebra 
and the right-moving 17(1)^ current algebra in the N=2 superconformal algebra. 

The RG-invariance of the cohomology class of is, by contrast, highly nontrivial. 
It was proven to all orders in perturbation theory in Q, where it was shown that all 
perturbative corrections to J are exact two-forms. Beyond perturbation theory, one needs 
to worry about a-model instantons, topologically nontrivial maps from the worldsheet into 
M. Naively, corrections to gij are instanton-antiinstanton effects, and so rather hard to 
see. There are rather indirect arguments 0 which one might use to try to show that the 
cohomology class of J7 is unrenormalized, even when a-model instantons are taken into 
account. But the necessary conditions are very hard to verify, and for a long time this 
pretty much stymied any progress on (0,2) cr-models. 

Since nonlinear cr-models are so hard, we can invoke another great principle of the 
renormalization group, namely universality. There are many QFTs which renormalize to 
the same IR hxed point. If nonlinear cr-models are too hard, we should look for another, 
simpler family of QFTs which happen to be in the same universality class. This motivates 
us to look at linear a-models [§ . 






A“ • 


e-*^^A“ 

idh 




(3.4) 
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4. Linear cr-models 


Since we will be interested in (0,2) linear cr-models, we shonld first discnss (0,2) 
snperfields. Onr (0,2) snperspace has coordinates {z, z,9~^,9~). The spinor derivatives are 


D± 


d 


+ 9 ^ 0 -^ 


Chiral (scalar) snperfields $ satisfy 

= 0 


In components. 


^ 9 tl; -\- 9 9^dz(t) 


A (chiral) fermi snperfield A also satisfies the chiral constraint D^A = 0, bnt its lowest 
component is a left-handed fermion A, and its npper component is an anxiliary field /: 


A = A + 6'“/ + 6'“6'+4-A 


The (0,2) gange mnltiplet actnally consists of a pair of (0,2) snperfields A, V, where 
C is a snperfield whose Minkowski continnation is a real snperfield, and A is one whose 
Minkowski continnation is pnre imaginary. The lowest component of C is a real scalar, 
and the lowest component of A is the left-moving component of the gange field, a (which 
we take to be anti-Hermitian). 

Snper-gange transformations act on A, V as 

C^C-t(x-x), A^A-i{x + x) 

where x is a chiral scalar snperfield, -D+x = D-x — 0. 

In Wess-Znmino gange, the nonzero components of the gange mnltiplet are 

V = 9 - 9 +a 

A = a-\- 9^a — 9~a + \9~9^D 

(The residnal gange symmetry in WZ gange is x = P + 9~9^dzP^ with p real.) a, a are the 
left- and right-moving components of the gange field, a, a are the left-moving ganginos, 
and iA is a (real) anxiliary field. 

Under a snper gange transformation. 
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where Q is the charge of $, and similarly for A. Let 


$ = $ = e^^$ 


and similarly for A. 

A gauge invariant kinetic term for $ is 

= y d^zd^d {d, - QA)$^ - + QA)^ 

= j d^z {dz - Qa)^{dz + Qd)(p + [dz - Qd)^{dz + Qa)(p 
+ 2'ip{dz + Qa)'ip + Q{a^(t) - a'lp^) - Q^(t)D 
An invariant kinetic term for A is 

Sx= [ d^zd^e AA 


(4.1) 


(4.2) 


= J d^z 2\{dz + Qa)\ — ll 
Dehne the spinor covariant derivatives 

V± = ±e^^D±e"^^, V = dz + A 

and the corresponding gauge held strengths 

J^=2[V,V+] = -a + e-{D + f) -e-e+dza 
f = 2[V, V-] = -a + e+{D- f) + e-e+dza 

where / = 2{dzd — dza) i. Note that T is chiral: D^T = 0. The kinetic term for the 
gauge helds is 




d^zd^BTT 


gauge 


2e2 


(4.3) 


d^z{f‘^ — D'^ 2adza) 


2e2 


and the Fayet-Iliopoulos D-term is 


Sd = -'2 j ifzcW-T+'2 j ^zd0+r 


(4.4) 


The normalization is such that d^z = ^dz A dz, so ^ Jd^zf — '^inst ^ 
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where t = 7 ^ + ir. 

ZTT 

Finally, a (0,2) superpotential is 


Syv = J d^de- mAF($) + j (fde+ mA F($) 

/B W 

d^z - A—V') + h-c. 

d(p 


(4.5) 


where F is a homogeneous polynomial of the appropriate degree such that ( |4.5|) is gauge 
invariant, and m is a coupling constant with dimensions of mass. It is commonplace to set 
m = 1, which simplihes the notation, but it is useful to remember that it is there. 

This is all that is required in order to discuss (0,2) supersymmetric linear a-models. 
But if we wish to discuss (2,2) supersymmetric theories (and certain (0,2) generalizations), 
we actually need to enlarge the gauge multiplet. we introduce a complex fermionic super- 
held E and its conjugate E. N.B. these do not obey a chiral constraint! Correspondingly, 
we introduce a new gauge symmetry, under which 

E —> E -|- zfl E —> E — M fii 


with O a chiral fermionic superheld, and all other helds being invariant. 

E has four independent components, but the Vi gauge symmetry allows us to gauge 
two of them away. We’ll call the ones that remain a, /3, and note that they appear in the 
gauge invariant quantity 

F+E = i(cT -f 6'-/3 + e-e+d^a) 

Unfortunately, the action (^]^) is not invariant under the O gauge symmetry. To correct 
this, we add 


= / d^zd^e Q^$$EE - g(A$E - $AE) 


+ ^(-F.Ea.F+E + a.F.EF+E) 


(4.7a) 

(4.76) 


(4.7a) makes (|4.2D invariant, while (4.76) gives E a kinetic term. In “Wess-Zumino” gauge. 


= d‘^zQ 


2 \i\ 2\\2 


(jf -|- Q{Xijja — X'tjja) — Q{f3X4> — PX(j)) 


+ T^id^ad^a + d^ad^a) + 
2 e^ 


(4.8) 


We also need to make ( [I.5|) invariant under the O gauge transformations. We’ll see how 


to do that later. First, let’s start looking at some examples 





5. Examples 

Example 1: (2,2) Linear a-model on CP^ 

Choose i — 1 to all have charge Q = 1. After eliminating the 

auxiliary held D, 


C = (kinetic terms for (/), if;, A, a, /3, a) + 

+ (;dAV* - /?AV*) + (AVV - AV*a) 


I 

1 


ie 


+ — f - —f 

2e2^ 27r^ 

We can analyse this theory semiclassically in the r 3> 0 limit. Supersymmetry requires 
that the scalar potential vanish, and hence that 




r, 


a = 0 


(5.1) 


The space of solutions to (|5.1|) is a big sphere but we still must mod out by the 

action of the gauge transformations (j) —> So, after modding out, the (p's live on 

CP^ = /U{1). All of the degrees of freedom transverse to CP^ have masses of 

order rn? ~ e^r. At energies well below this mass scale, we have an effective nonlinear 
(T-model with target space CP^. 

Well, that’s what’s happening with the bosons. Let us see what happens to the 
fermions. Since p has a VEV, one linear combination of the p's gets a mass with a. 
Which linear combination is it? Let p"^ — pp'^. 


—ap'^p'^ — —ap\p\'^ — —rap 


so it is precisely the linear combination represented by p which becomes massive. The 
remaining p'^ transform as sections of the tangent bundle to CP^. Mathematically, the 
p"^ ht into the exact sequence 

0 ^ 0^0(1)®^+! ^ TcpN 0 (5.2) 

Of course, exactly the same analysis holds for the left-moving fermions A*. 
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Digression: Line bundles on CP^ 

Recall CP^ = where [zq, zi,..., zn) ~ {^zq, Xzi,..., Xzn), X G C*. 

(9(—1), the “tautological” line bundle has, as hber over the point [zq, zi,..., z^] G CP^, 
the complex line through the origin in which passes through (zq, , zn)- Pow¬ 

ers of the tautological line bundle are denoted by 0{—n) = (P(—1)®"^, with negative 
powers denoting powers of the dual line bundle 0 {1). 0(1) is called the “hyperplane bun¬ 
dle” because it has a global holomorphic section which vanishes along a hyperplane, say 
{zq = 0} C CP^. The (/)* (and their superpartners ?/’*) in the above example can be viewed 
as sections of 0 (1). 


Very nice. Unfortunately for our intended application, r is not a renormalization 
group invariant in this model. Rather, there’s a one-loop log-divergent diagram Fig. 1 
which contributes to the renormalization of r. The /3-function is proportional to the sum 
of the scalar charges = V -(- 1 in this case), and the sign is such that r(/u) decreases 

in the infrared. So even if we start out at large r, where the theory is semiclassical, we 
don’t stay there. 

But this is exactly the sort of behaviour we expect. The nonlinear cr-model also 
has a nonzero /3-function and flows to strong coupling in the infrared. It develops a mass 
gap, and the infrared theory is a c = 0 CFT (a topological held theory) 0. 



Fig. 1: Log-divergent diagram leading to the renormalization of r. 

Charged scalars run around the loop, and the coefficient of the log- 
divergence is proportional to YhQi-i scalar charges. 

Example 2: Calabi-Yau hypersurface in 

As before, we consider but now, instead of taking them to all 

be of charge 1, we allow them to have (integer) charges Wi > 0. If we simply followed 
the analysis of example 1, we would obtain not CP^, but the weighted projective space 

ppp4 ^ (j-5/ ^Yiere 

(Z1,...,Z5)~(A^^Z1,...,A-®Z5) 
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The sum of the scalar charges is still nonzero, so let us add a chiral scalar super- 
held P, and fermionic superheld T of charge —d, where d = Under the 0-gauge 

transformation, 

r —r — 2idVtP (5.3) 

The action is as before, but now we can add a gauge-invariant superpotential 

f n dW 

Sw= d^zde- m(riT($) -f- + h.c. (5.4) 


where 1T($) is a weighted homogeneous polynomial of degree d in the m is a parameter 
with dimensions of mass. We will, for the most part, follow convention, and set it “equal 
to one”, but it is important to remember that it is really there, setting the scale for certain 
of the mass terms to be discussed below. 

This is obviously invariant under the y-gauge transformations. Invariance under O- 
gauge transformations follows from 

i 

Adding the superpotential introduces new terms in the scalar potential from integrat¬ 
ing out the auxiliary helds in A* and T: 


U = - d\p\‘^ - rf + |IU|2 + IpP 




We also get some new Yukawa couplings: 


dW ■ ■ d'^W 

£ = ...- (TV-- + AV) ^ + h.c. 


We assume that W is chosen to be transverse: W = = 0 ^ = 0. The 

semiclassical analysis proceeds as before. 
r ^ 0 : 

Minimizing the scalar potential requires = r,p = a = 0 and W{(^) = 0. So 

after modding out by U{1), the massless helds live on the hypersurface W{4>) = 0 in WF^. 

The masses of the helds transverse to the hypersurface are of the order ~ e^r or 
~ depending on whether they get a mass from the D-term or from the superpo¬ 
tential. We will, for now, simply assume that these are of the same order. 
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For the fermions, as before, one linear combination of i/’* gets a mass with the gauge 
fermion. Another linear combination gets a mass from the Yukawa coupling — 
Mathematically, the massless fermions form the cohomology of the sequence 




where f{s) = (wicpis,... ,W 5 (j) 5 s) and g{ui,...,U 5 ) = this is precisely 

the sequence which dehnes the tangent bundle of the Calabi-Yau hypersurface: T = 
ker( 5 f)/im(/). So, as expected, the fermions transform as sections of the tangent bun¬ 
dle. 
r -C 0 : 

Here too, we can hnd a supersymmetric vacuum by minimizing the scalar potential. 
Set IpP = \r\/d, (p — a = 0. p and a are massive, while the (/>* are massless. The left-moving 
fermion 7 gets a mass with the gaugino [3 from C = ... — dP'yp -t- .... The right-moving 
fermion tt gets a mass with the gaugino a from € = ... + danp -|- .... 

The low energy theory is described by the superpotential 


d^zdO const A 


dW 


-|- h.c. 


This should be recognizable as the superpotential for a (2,2) Landau-Ginzburg theory. 
Actually [Q, it is a Landau-Ginzburg orbifold. Since p has charge —d, its VEV doesn’t 
completely break the gauge symmetry. Gauge transformations by d^^ roots of unity are 
still unbroken and so we should still mod out our Landau-Ginzburg theory by this unbroken 
Z,d group. Projecting onto the Z^-invariant states requires, for modular invariance, that 
we introduce twisted sectors, with boundary conditions twisted by Z^i 
Example 3: Deformations of (2,2) theories 

The superpotential (|5.4|) was not the most general one compatible with the O gauge 
transformations. More generally. 


Sw = / d'^zde- (rkF($) + A*PF,($)) + h.c. 


(5.5) 


where 

J2w^<P^F,{<P)=dW{<P) (5.6) 

^ Alternatively, on a higher genus Riemann surface, we sum over sectors where the boundary 
conditions on the fields around each cycle are twisted by Z^ gauge transformations. 
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is invariant under 0-gauge transformations. Generically, this breaks (2,2) supersymmetry 
down to (0,2). For example, if W{(^) is a quintic polynomial in there is a 224- 

dimensional space of polynomials Fi satisfying (ED- 

For r ^ 0, we see that the right-moving fermions '0* which remain massless again 
transform as sections of T, but the massless left-moving fermions A* transform as sections 
of Id (a holomorphic deformation of T), which is the cohomology of the sequence 

0 ^ 0C>(TO.)®^'‘’c>(d) ^ 0 

i 

These are, to be sure, (0,2) theories, but the rank of V remains r = 3, Eq is unbroken 
and (one can show) the number of 27s and 27s remains unchanged. 

Example 4: Dispensing with the E mnltiplet 

We needed the E mnltiplet and the accompanying O gauge transformations in order 
to describe (2,2) supersymmetric theories. If we’re really interested in (0,2) theories, why 
not dispense with them and consider 

Syv = j(fzdQ- (FkF($) + A*PF,($)) + h.c. (5.7) 

where, now, freed from the constraint of O gauge-invariance, the Fi{(j)) are arbitrary poly¬ 
nomials of the appropriate degree. 

Recall that previously there were two mass terms for the left-moving fer mi ons 

C = ... + — X'^TiFi{(j)) + h.c. 

Now there’s only one (since f3 is absent from the theory). So V is dehned by 

0^1/^ ^ 0 (5.8) 


and now has rank r = 4. 

It turns out that this theory is ill-behaved; we’ll see why later. 

Example 5: Arbitrary charges 

Since the As are supposed to be unrelated to the 4>s, it is silly to give them the same 
label and to assume that they have the same gauge charges. So let 

S^ = j d^zde- (FkF($) + A“PF„($)) + h.c. (5.9) 

where now we let the charges of the helds be given in the table below. 
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We still require 


Field Q 



Wi 

p 

—m 

A“ 

Ua 

F 

-d 


Table 2: U{1) charges of 
the (bosonic and fermionic) 
chiral superhelds. 


'^Wi = d, '^na=m (5.10) 

i a 

which in the semiclassical r 3> 0 analysis are equiv¬ 
alent to the conditions ci(T) — ci{V) = 0. But 
now, since we are dealing with a theory with chiral 
fermions coupled to a gauge held, we need to ensure 
that there is no gauge anomaly. This is a quadratic 
condition on the gauge charges: 


oc ^ nl-\- ^ w‘^ — = 0 

left—movers right —movers 

Rearranging this, 

+ ^nl) = \{-d‘^ + ^w‘l) 

which, in the r S> 0 Calabi-Yau phase is simply the condition C 2 {V) = C 2 {T)l This is a 
general principle which holds in all of the (0,2) linear a-models. The condition for the 
cancellation to worldsheet gauge anomalies translates into the C 2 {V) = C 2 {T) condition for 
the vanishing of a-model anomalies. 

The exact sequence dehning the bundle V is now 



O^V 




(5.11) 


instead of (|5.8| ). And now, most importantly, the rank of V and the number of generations 
independent of those of the tangent bundle. 

Perhaps more surprising is the Landau-Ginzburg phase for r -C 0. There, p has a 
VEV, and since it has charge —m, this breaks U{1) ’Em- But since m ^ d in general, 
the orbifold group is different from that of the corresponding (2,2) model. This means, in 
particular, that the Kahler moduli space is topologically different from that of the (2,2) 
model. At large positive r, they are obviously the same, as they both describe the space 
of complexihed Kahler forms for a weakly coupled Calabi-Yau (T-model. But globally, the 
CFT “knows” the difference between the “Kahler” degrees of freedom of the (2,2) and the 
(0,2) models. 
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Example 6: Return of the E field 

We can also construct models which include the E multiplet. let us simply postulate 
a transformation law under the fl-gauge transformations of the form 

A“ ^ A“+ 2inE“($) (5.12) 


where is a polynomial of weighted degree Ua- Then the action 

^A + ^E= j d^zdPe e2”“'^(A“A“ + |E“($)|2 eE - E“($)A“E - E“($)A“E) 

+ ^{-D_Ed,D+E + d^D^ED+E) 

is invariant under the fl-gauge symmetry The superpotential (|5.5|) is invariant, provided 


= d WicP) 


V is now the cohomology of the sequence 

0 ^ 0 0 (5.13) 

a 

This is not so obvious as before, when we were construction the tangent bundle T. It is 
clear that one linear combination of the A“ get a mass from the —X°"KFa{4>) term coming 
from the superpotential, and that this corresponds to their being in the kernel of the map 
to 0{m) in (|5.13|) . To see that the other linear combination of the A“ drop out as required, 
it is easiest to not work in W.Z. gauge, but instead to use the fl-gauge symmetry (|5.12|) 
to gauge them away. The remaining A“ are clearly in the quotient by the image of O in 

(E33). 

Example 7: Complete intersection Calabi-Yau manifolds 

Our previous examples have, in the Calabi-Yau phase, corresponded to (0,2) mod¬ 
els defined on hypersurfaces in kkP^. There is clearly no need to restrict ourselves to 
hypersurfaces. Complete intersection Calabi-Yau’s are just as easy to describe. 

Instead of a single T, let there be several T'^, and let the superpotential be 

S^ = J d^zde- {T^Wa,{^) + A‘^PFa{^)) (5.14) 


15 








As before, we require 


-'^da + '^Wi = 0 
i 

-m + '^Ha = 0 

a 




w, 





Ci(T) 

CiiV) 

C2(r) 


0 

0 

C2(V) 


(5.15) 


Field Q 



Wi 

p 

—m 

A“ 

ria 

pa 

da 


For simplicity, we assume that we are working in 
a model without the E multiplet and the associated 
ri-gauge symmetry. In the semiclassical r ^ 0 anal¬ 
ysis, this superpotential leads to a (0,2) model where 
the bundle V is dehned by the sequence ( b.ll|) , living 
on the complete intersection Wa{(j)) = 0. 


Table 3: U{1) charges of 
the (bosonic and fermionic) 
chiral superhelds. 


Spectators: 

In the previous three examples, one generally hnds that the sum of the scalar charges 
is nonzero. In a (2,2) model, this would be a fatal flaw. In the present context, we can 
always hx this (so that there is no perturbative renormalization of t) by adding a pair of 
chiral superhelds S, S. 

To the superpotential, we add a term 


Field Q 


S 

m-Y.da 


-m + Y.da 


Table 4: U{1) charges of 
the “spectators”. S' is a 
bosonic chiral superheld, and 
S a fermionic chiral super- 
held. 




d^zdO ... + rris'B.S 


(5.16) 


Examining the scalar potential, U, we see that s = 0, 
and all the huctuations of S and S are massive. So, 
naively, they do not ahect the low-energy physics. 


This is a little too slick. In the Landau-Ginzburg phase, we see that S, S are charged 
under the unbroken symmetry, so their boundary conditions are twisted in the twisted 
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sectors of the orbifold. Nonetheless, since they appear only quadratically in the superpo¬ 
tential, when we compute the cohomology of the Q+ operator in §7, there is a choice of 
representatives in which the S, S oscillators are not excited. In particular, this means that 
they do not appear in the massless states of the string theory. They also make no net 
contribution to the ground state energies or 17(1) charges of the twisted sectors. 

This seems to pose a small paradox. What if we decided to make mg very large? 
Surely, below the scale of ms, we should be able to describe the physics in terms of an 
effective theory with S, S absent. Aren’t we then back in the situation where t = -^ + ir 
is scale-dependent (as in Example 1)? 

Actually, we might have asked a similar question already in the (2,2) theory we dis¬ 
cussed as example 1. There we had two, a priori independent, mass scales e and m (where 
m is the parameter introduced in ( b.4| )). If we take these to be disparate, we should work 
with an effective theory in the intervening regime, and in that effective theory, we expect 
that t will run. Put another way, we might expect the low-energy Kahler class to depend 
on the dimensionless ratio m/e. 

Is this, in fact, the case? The answer, of course, is no, and the reason is as follows. 
The Wilsonian coupling, trE: being the coefficient of a term in the superpotential, is an 
analytic function of m [|T^. So, though we’re really interested in the dependence on the 
magnitude of m, we can equally well inquire about its dependence on the phase of m. But 
the phase of m can be rotated away by a common rotation of the superhelds T and P. This 
symmetry is nonanomalous, so the phase of m is unphysical, and tLE must be independent 
of it (and hence of m itself). 

In the (0,2) theories under consideration, there is no nonanomalous symmetry which 
allows us to simultaneously remove both the phase of m and of ms- The ratio, m/ms is 
physical. More precisely, the combination 


tphys t „ Qs ln(m/ms) 

ZTT 


(5.17) 


where Qs = m — ^ <7^ is the charge of the spectator scalar S, is physical. A change in the 
phase of m^ can be compensated by a shift in the 6*-angle (the real part of t). Moreover, 
we can choose a basis in which this is the only anomalous 17(1). 

If we choose to work with an effective theory in the range |m| < ^ < \ms\, then, of 
course, t{fi) runs: 

t{fi) = ^Qsln{A/p.) (5.18) 

ZTT 
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with A = = vciQ-'^'^'^^vhys/Qs _ f jg j^q longer RG-invariant, but tp^ys is. 

Note what’s going on here. The dependence of the real part of t on the parameters 
in the superpotential is governed by the chiral anomaly (which, by the way, receives con¬ 
tributions only at one loop). But, by holomorphy, this constrains the dependence of the 
imaginary part of t as wellS. Thus (|5.18|) is an exact expression. 

So ... the upshot is that there is one physical, RG-invariant parameter ( b.l7|) which 
parametrizes the low energy physics, rather than the two “naive” parameters t and m/ms- 
Of course, if we are smart, we simply use our freedom to set ms = nr, in which case t and 
tphys coincide. In that case, the “spectators” should be though of as being on exactly the 
same footing as the other massive particles in the linear a-model. 

Now, tphys is the RG-invariant parameter in the linear cr-model which parametrizes 
the “Kahler moduli space”. However, if we wish to discuss the low energy physics in 
terms of the effective nonlinear cr-model, we need to perform a matching between tphys 
and the complexihed Kahler parameter of the nonlinear a-model. At tree level, they are 
simply equal, and indeed this equality holds to all orders in perturbation theory. If we 
write 2 ; = ^ q = then we have q = z. However, nonperturbatively, this 

relation is modihed to 

00 

q = z{l + y^^anz'^) 

n=l 

This is easily recognized as an instanton correction to the matching condition (a holomor- 
phic n-instanton effect goes like z"'). Its origin is simply the fact that the linear a-model 
possesses instanton solutions (dubbed “pointlike instantons” in |P]) which are not present 
in the nonlinear a-model. To perform the matching, we need to integrate out the point- 
like instantons, which introduces a nontrivial matching condition. Note that this is not a 
feature peculiar to (0,2) theories. It occurs as well in (2,2) theories, where it is called the 
relation between the algebraic and a-model coordinates ||R1|| (For a recent discussion from 
the point of view of linear a-models, see ||14|| ). 

Onward! 

There are numerous variations on the constructions described here. We can have 
more U{1) gauge groups, and thereby construct complete intersection Galabi-Yaus in more 


^ Unlike in N=1 supersymmetric theories in four dimensions, where the analogous statement 
is true only in a very special renormalization scheme [11], here (because the theory is all but 
superrenormalizable) it is true without any delicacies in the argument. For a recent discussion of 


the scheme-dependence of the four dimensional result, see []^|. 
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general toric varieties. We can also generalize the construction of the gauge bundle V. 
By mixing and matching the various constructions, one can produce a wide variety of 
different models (see &0)- This may still only be scratching the surface of the space of 
(0,2) models. 

Having discussed the tools for writing down (0,2) models, we will now turn to com¬ 
puting some of their properties. The key, as discussed in §3, is to consider RG-invariant 
quantities which can, reliably, be calculated in the linear a-model. 

A rich class of interesting things to calculate can be found by considering the “twisted” 
model, or, equivalently, to compute on the cylinder with periodic boundary conditions on 
the right-movers. This is the sector of the String Hilbert space containing the spacetime 
fermions. In this sector, (0,2) supersymmetry is unbroken, and the supercharges, Q^, close 
into the generator of boosts along the lightcone, 

{Q+,Q-} = Lo 

If we are interested in those states with Lq = 0, which includes all of the massless spacetime 
fermions, we can represent these as the cohomology of the Q~^ operator. We will see that 
the (^"’"-cohomology is eminently computable, so that, in particular, we learn about the 
spectrum of massless spacetime fermions and (by spacetime supersymmetry) about the 
full massless spectrum of the string theory. 

Similarly, we can compute the matrix elements of (^"’"-invariant operators between 
these fermion states, which, in particular, allows us to calculate the spacetime superpo¬ 
tential. 


6. Landau-Ginzburg 

As we saw, the semiclassical analysis becomes exact for r —±cx). r —-|-oo is a 
weakly-coupled (0,2) nonlinear cr-model. Much of what we currently can say about such 
cr-models has been understood for many years [0. Instanton corrections are also suppressed 
in the r —^ —cx) limit. Here, too, one can make some dehnite statements, at least in those 
cases where the conformal held theory that one obtains in the r ——cxo limit is understood. 
For the examples discussed in the previous section, the r —> — cxd limit corresponds to what 
we might call a (0,2) Landau-Ginzburg orbifold. In this case, we actually have a fair handle 
on the conformal held theory, and can actually make some dehnite statements. 
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To describe the low energy theory, we need, in particular, two unbroken nonanomalous 
U{1) symmetries. One will be the U{1)r C ( right-moving N = 2). The other will become 
the left-moving 17(1) which we introduced in §2. Denoting the charges under the two 17(1), 
respectively, as q, q, it is clear that in order for these to be symmetries of the superpotential 

Sw = j (fzde- r“lT«($) + A“Fa($) + ES 

the charges of the must be proportional to the respective gauge charges, Qi = Wija, Qi = 
Wi/b. Since the left 17(1) is an honest symmetry, and not an R-symmetry, we can, without 
loss of generality, rescale the left 17(1) charge s.t. Qi = qi, or a = b. We will see later that 
this corresponds to the “standard” normalization of the corresponding current, J. The 
charges of the fermions are now determined, up to this unknown constant b. 

We need to check, hrst of all, that these 17(l)’s are nonanomalous under the gauge 
symmetry. The anomaly, of course, is given by a one-loop diagram with one insertion of 
the current, one external gauge held, and fermions running around the loop: 

oc -m)n„ + ^d 2 = 0 

oc -rn + b)na + ^(da - b)da - - b)wi\ - m = 0 

and these symmetries are nonanomalous, precisely when the conditions ( b.l5| ) on the gauge 
charges are satished. Note that, since J is an R-symmetry, even though p is neutral, 
its fermi superpartner, tt, is not, and contributes to the anomaly. Note also that the 
“spectators” make no net contribution to the anomalies. 

We also need to require that J and J are pure left- and right-moving currents in the 
infrared, which means that the mixed anomaly vanishes: 

- 'm'){na - m + h) + ^^^(cIq, -h) - ^Wi{wi - b)] 
rm{m — h) 

For this to vanish, we must have b = m. So the charges of the helds are listed in table 5. 
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Field 

q 

q 


II 

Qi — — 

A“ 

^ - 1 

5a = ^ 

pa 

qa = -t-^ 

5- = 1 - ^ 

p 

0 

0 

s 

Qs 

Qs 


m 

m 


Qs 

1 _ Qs 


m 

m 


Table 5: Left-moving U{1) and 
right-moving U{1)r charges of the 
helds. 


We have cheated a bit. The anomaly con¬ 
siderations do not determine the charges of 
S, S. But recall that, because of the unbroken 
'Em discrete gauge symmetry of the model, we 
are really describing a Landau-Ginzburg orb- 
ifold. The generator of is simply 
Since we know how S, S are supposed to trans¬ 
form under this hxes their charges, q, 
modulo 1. 

In fact, for our purposes, it is not useful to 
separate the Em orbifolding from the Z 2 orb- 
ifolding which implements the GSO projection. 
Together, they form a Z 2 m group generated by 


9 = e— 


( 6 . 1 ) 


Gomparing with (|2.1J ), we see that this is, indeed, the standard normalization of the left- 
17(1) charge which we dehned in §2. 

Now we can calculate the central charge of the infrared N = 2 superconformal algebra. 
Recall that one of the OPEs in the N = 2 superconformal algebra is 

J{z)J{w) = 

[z — W)-^ 

So, by calculating this OPE, we get a direct measurement of the central charge. But this 
is, as we have seen, computable from the one loop anomaly diagram in the linear a-model, 

JO^‘ 

I = - 1)^ - 9a - 9a = 3 

So, indeed, we have c = 9, as expected! 

Similarly, the J-J anomaly computes the level of the left-moving 17(1) current algebra: 

In fact, we can make an even stronger statement. The operators 

T' = -Y, (Aa^Aa + 


+ {lad-io, + y9(7a7a) 


( 6 . 2 ) 


J ^ ^ ^ ^ Qa^a^a ^ ^ 


Oi'y a 
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commute with the Q~^ operator, and generate a U{1) Kvirasoro algebra on the Q"*" coho¬ 
mology, with 17(1) level r and virasoro central charge c — 6 + r. To see this, note that 
rescaling the superpotential is a (5"’~-trivial operation. Thus, while working on the level of 
the cohomology, we can use free-helds to evaluate the OPEs of T', J'. 

Note, too, that Jq differs from the previously-dehned 17(1) charge q by (^"'"-trivial 
terms, as does L'q from the Lq derived canonically from the Lagrangian. Thus, for instance, 
since we will be working on the (5"'~-cohomology, we can continue to use q to label the 17(1) 
charge of physical states. 

Not only does this “off-shell” virasoro algebra exist at the Landau-Ginzburg point, 
Silverstein and Witten have shown that one can construct the corresponding operators 

So the fact that one gets the correct infrared virasoro 


in the full linear a-model 16 


central charge and 17(1) level is a property of the linear cr-model for arbitrary r, not just 
for r —> —oo. Indeed this can be used as the basis for an argument that the (0,2) linear 
(j-models do indeed give rise to (0,2) SCFTs in the infrared, and that deforming t really 
is an exactly-marginal deformation of the SOFT [p . 

GSO projection: 

We have already said that to effect the left-moving GSO projection of this theory 
(while simultaneously implementing the discrete gauge symmetry), we orbifold by the 
'^ 2 m group generated by 


g = e 


\-iy 


(All the charges in the theory are multiples of 1/m, so = 1.) As usual, we must include 
2m — 1 twisted sectors, where the boundary conditions on the helds are twisted by powers 
of g. So the sectors of the theory are labeled by /c, /c = 0,..., 2m — l.k even corresponds 
to the left-moving Ramond sector, k odd corresponds to the left-moving Neveu-Schwarz 
sector. The right-mover will, for us, always be in the Ramond sector, so we are discussing 
states which are spacetime fermions. And the cohomology computes those states which 
are physical and have Lq = 0. 

Modular Invariance 


The usual level-matching conditions for orbifolds |]T^ , which are certainly satished by 
our constructions are not obviously sufficient here to assure the consistency of the theory, 
unlike the case of the usual toroidal orbifolds. 

There’s a general principle in string theory that there is a direct correspondence 
between worldsheet and spacetime anomalies. We will look for a spacetime anomaly in 
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the 1 j2m quantum symmetry [W] of the Landau-Ginzburg orbifold. This is a discrete 
R-symmetry in spacetime. As such, it may not be preserved in a nontrivial gauge or 
gravitational background. That is, it may suffer from an anomaly. But the quantum 
symmetry (which simply says that sector number must be conserved modulo 2m) in any 
correlation function) must be a symmetry if the GSO-projected theory is to have a sensible 
interpretation. 

Naively, the generator of the quantum symmetry is 7 = where k = 

0,..., 2m — 1 is the sector number. However, it proves more convenient to compose this 
with a gauge transformation which lies in the U{1) subgroup of the spacetime gauge group 
generated by q: 

'y = g 27 ri(A;r- 2 q)/ 2 mr (6.3) 


With this choice, irreducible representations of the spacetime gauge group transform ho¬ 
mogeneously under the quantum symmetry. 

One can compute the anomaly in this discrete R-symmetry by embedding it in a con¬ 
tinuous U{1) R-symmetry (with generator {kr — 2q)) and computing the standard triangle 
diagram, with one insertion of this current and two external gauge bosons or gravitons. 
Of course, since we are really only interested in assuring that the discrete subgroup is 
nonanomalous, we need only require the anomaly coefficient to vanish mod 2 mr, rather 
than actually vanish. 



where G is the “observable” gauge group {Eq, 5'0(10), or SU{5), for r = 3,4,5, respec¬ 
tively). 
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Each of these can be expressed in terms of a trace over the right-moving R-sector. For 
instance, 


2m —1 


Ai = 5 ; rr 


A;=0 


R \ I ~ ) (— 1 )^^ ] mod 2 mr 


Now, you might think that We should demand that each of these anomaly coefficients 
vanish (mod 2mr) separately. In fact, this is too strong, and is not even true for many (2,2) 
models. Instead, because of the Green-Schwarz mechanism, we can cancel the anomaly 
by assigning a nontrivial transformation under 7 to the axion. But this only can succeed 
in canceling all three anomalies provided the respective anomaly coefficients obey the 
relations 


Ai — A 2 ~ ^ 1 

A 3 — 24Ai = 0 > mod 2mr (6.5) 

A 3 - 24Ai = 0 J 

In particular, this means that the anomaly must vanish for any held conhguration satisfying 
TrR2 = TrFf + TrF|. 

For most of the models we discussed in §4, the anomaly in the “quantum” discrete 
R-symmetry does indeed cancel. But, as alluded to earlier, some models can be ruled out 
on this basis. 


7. Q'^ Cohomology 


Finally, let us get down to constructing the spectrum of spacetime fermions. We work 
on the cylinder, and as I said before, the states with = 0 can be represented as 

elements of the cohomology of one of the right-moving supercharges which we will 
take to be . The operator has three terms: 


Ql = 


QH QL A Qspectator 

rWaicP) + X^^FaicP) 


Q 


+ 

spectator 


i'l/jgds + 


(7.1) 


The contribution to the supercharge from the spectator helds, Qtpectaton decoupled 
from the rest of the operator, and is purely quadratic. This means that it has trivial 
cohomology, and all the physical states have representatives in which the S, S oscillators 
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are in their ground states. (This may, to the reader, seem like a fancy way of noting 
that since S, S are massive, they cannot contribute to the states of the IR conformal held 
theory, but it is nice to see the same result emerging from this point of view as well.) 

In any case, we need to concentrate on the cohomology of Q~^ + Q~^. Again, we note 
that Qfi is quadratic, and so has trivial cohomology. However, it is coupled to Ql- Still, 
a standard spectral sequence argument says that we can construct the cohomology 
of + QJ starting with the cohomology of as a “hrst approximation”. Actually 
applying the spectral sequence argument is a little delicate here, because the complex is 
inhnite-dimensional. However, the result is basically correct [^, and the cohomology of 
Q+ is 



TJ* 




Q 


spectator 


(7.2) 


The cohomology of is trivial to calculate. 


H)^+ =independent of oscillators and 

(in untwisted sector) holomorphic in the zero mode of (pi 


We simply have to compute the cohomology of Ql oii this smaller Hilbert space. 
This is made easier by the fact that, for these purposes, we can use free-held OPEs - the 
corrections from including the effect of the superpotential interactions are Q^"trivial |23 


So, more or less, we have reduced the problem to a free-held orbifold calculation, where 
the boundary conditions on the helds are twisted by the action of where g is given by 

(O- 

As usual in orbifold calculations, we expand the helds in oscillators which, because 
the boundary conditions are twisted by ^ are fractionally moded. Also, the ground states 
of the twisted sectors carry fractional fermion number, and hence fractional values of the 
charges g, q. In our case 


Q — Qi^ik T Qa(^ak T Qa^ctk 

Q Qi^ik T Qa^ak T Qa^ak 


(7.3) 


Note that in Table 5, and here, we have made a slight change in our notation for the 17(1) 


charges of the fields from that of [lh|. 
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where 


^ik — 


^ak — 
^ ak 


k{qi - 1) 

k{l - qi) 

1 

4“ — 

2 

2 

2 

+ 

1—1 

1-1 

to 1 

1 

■^2 

k{qa - 1) 

2 

k{l - qa) 
2 

_1 

+ 
to 1 


(7.4) 


Similarly, one calculates the ground state energy (eigenvalue of Lq —c/24) of the twisted 
sector. The answer depends on whether k is even, which gets paired with the R-sector for 
the (16 — 2r) free left-moving fermions, or k is odd, which gets paired with the NS-sector 
for the (16 — 2r) free left-moving fermions 






-E 


Olt 


Er = 


(r-3) 


o2 o2 

i. 6/^ 


+ E¥ + E 


E% 


(7.5) 


From here, constructing the spectrum is straightforward, but a little boring. One 
simply goes through , sector by sector, and computes the cohomology of QJ on the twisted 
fock space. The spacetime quantum numbers of the states that we hud are correlated with 
the q charge. For the massless states. 


g = -l/2 
g = +l/2 
q = +3/2 
q = -3/2 


right-handed spacetime fermions (Gchiral multiplet) 
left-handed spacetime fermions (Gantichiral multiplet) 
right-handed gauginos (g vector multiplet) 
left-handed spacetime fermions (Gvector multiplet) 


The left spectral flow maps us between adjoining twisted sectors. So, e.g. the left- 
handed gauginos are assembled, as in Table 1, from the ground state of the k = 0 sector, 
\k = 0), (a spinor of S'0(16 — 2r)), two states from the k = 1 sector: 




^^qi(t>-q^/24>-l+qi/2 /2 

and the ground state of the k = 2 sector, 
of these is evidently annihilated by Q~j^ = 
of some other state. 


\ \ ^ ^ -a 

^-l-qa/2 Z^'?«7g„/27-l 


-l-g„/2 


\k = l) 


\k = 0), (again a spinor of S'0(16 — 2r)). Each 

and cannot be written as 
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Similarly, we can go through and construct the rest of the states in the spectrum of 
massless fermions. Some examples are worked out in detail in . 

As an exercise, I reco mm end that the reader work out the Q~^ cohomology for the 
model which, in the Calabi-Yau phase, corresponds to a complete intersection of two 
sextics in kkPf 12233 with the left-moving fermions coupling to a certain rank-4 vector 
bundle on it. The U{1) charges of the helds in the linear a-model (including the spectators) 
are listed in Table 6. 


Field 

Q 

$1,2 

1 

CO 

2 

$5,6 

3 

p 

-8 

Ah 2 , 3,4 

1 

A" 

4 

pi,2 

-6 

S 

-4 


4 


Table 6: U{1) charges of 
the (bosonic and fermionic) 
chiral superhelds in the WFi 
models. 


Since m = 8 , there are 16 twisted sectors. You 
need not go through all of them, as the states you 
hnd in sectors 9-15 are simply the CTP conjugates 
of the states in sectors 1-7. You should hnd, for in¬ 
stance, that the right-handed 16s of S'O(IO) arise in 
this model as states in the k = 0 and k — 1 sec¬ 
tors, corresponding respectively to the 8 f_i and 81 of 
SO{8) X U{1). Explicitly, these states are given by 
octic polynomials: 

Ps{<Po)\k = 0) 

^-l/2Ps{(p^-Q^/lQ)\k = 1 ) 

For these to be in the Ql cohomology, we must mod 
out the space of octic polynomials by the ideal gen¬ 
erated by the Fa{4>) and the Wa{4>). This yields 74 
states in the Q~j^ cohomology. 


Interactions 

We can also compute (unnormalized) Yukawa couplings of these fermions by sandwich¬ 
ing an operator (the vertex operator for a physical spacetime boson in a chiral multiplet), 
which commutes with between two of the fermion states we have just constructed. 
The results, at least in certain cases, agree with those computed at large radius 

in the sigma model, leading one to hope that there might actually be a theorem, analo¬ 


gous to the one which holds in (2,2) theories ||^, which states that these couplings are 
independent of the Kahler moduli. 
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8. Envoi 


Much, clearly, remains to be explored here. What are the analogues of mirror sym¬ 
metry? Can one compute the spacetime Kahler potential for the helds? Is there indeed a 
theorem along the lines of for some of the Yukawa couplings in these (0,2) theories? 
And what about the corrections to those couplings which do get corrected? Can one com¬ 
pute them in the linear sigma model, along the lines of |^? Are there exactly-soluble 
conformal held theories (the analogues, perhaps, of the Kazama-Suzuki models for 
(2,2) theories) which he at special points in the moduli spaces of (0,2) theories that we 
have been exploring? These, and many other questions are waiting to be answered. 
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